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Optical spectra of nitride quantum dots: Quantum confinement
and electron–hole coupling
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We calculate the optical properties of nitride-based quantum dots by taking into account quantum
confinement as well as electron–hole interaction. We analyze model structures simulating
InxGa12xN dots in InyGa12yN layers with different alloy compositions. We discuss the trends with
the dot size and show that quantum confined excitations exist for a broad range of sizes down to the
smallest observed dots. Our results allow us to identify the strong role of Coulomb correlations in
the optical spectra and to predict a strong influence of photoexcitation power on selection rules in
polarized samples. The signature of quantum confinement can be utilized for a critical interpretation
of measured optical spectra. ©1999 American Institute of Physics.@S0003-6951~99!03448-8#
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InxGa12xN wide-band-gap semiconductors have be
exploited for the successful fabrication of solid-state b
lasers. However, there are still many unresolved issues
cerning the lasing mechanism and efficiency. Despite
huge number of threading dislocations arising from str
relaxation in heteroepitaxial growth, the nitride-based
vices are very efficient. A clear understanding of the ba
physical reason is still lacking. It has been argued that
dislocations are electrically inert because of mutual annih
tion. An alternative suggestion is that the carriers in the
tive region of the device are captured in confined lev
rather than in defect states related to dislocations.1 Such con-
finement could be associated with three-dimensional s
assembled quantum dots~QDs!.2

In this letter we show that specific clear-cut features
relevant for characterization, and expected to arise in
optical spectra of the fabricated devices if QD confinemen
indeed present. To this purpose, we develop an accurate
oretical description of the linear and nonlinear optical pro
erties of nitride QDs, that was previously not available. W
consider InxGa12xN dots in InyGa12yN layers for different
dot sizes and for two alloy compositions that correspond
different regimes of strain distribution and piezoelectric p
larization: (x,y)5(1,0)3 and (x,y)5(0.42, 0.10).4 This
choice is motivated by experimental studies that sugge
compositions close to these values for nitride structures
terpreted as QDs.3,4

Our results show that Coulomb correlation has an imp
tant effect both in the linear regime and in the regime of h
photoexcitation typical of optoelectronic device operation
typical signature of quantum confinement that we predic
strained QDs, where polarization fields exist,5 is the quench-
ing of some optical transitions for increasing photoexcitat
intensity. Our calculations allow us to identify the micr
scopic nature of the quenching in terms of breaking and
covering of selection rules for allowed optical transitions.

In our calculations for QDs, the initial input is th
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single-particle properties that are obtained by solving the
Schrödinger equation within the envelope-function an
effective-mass approximations, by means of a plane-w
expansion with periodic boundary conditions.6 The single-
particle states are used to compute the optical matrix
ments within the dipole and rotating-wave approximatio
and the Coulomb matrix elements by neglecting interba
Auger-type processes. Our description of the optical prop
ties is based on the density-matrix approach at the leve
the one-particle density matrixrnn85^cn8

† cn&.
7,8 The brack-

ets denote the statistical ensemble average, and the field
eratorscn

† create an electron in the conduction (n5c) or
valence band (n5v). The matricesrcc andrvv contain the
distribution functions and the intraband polarizations;rcv ac-
counts for the interband polarizations, which play a cen
role in the description of the coherent optical response. T
time evolution ofr follows from the Liouville–von Neu-
mann equation:

\ṙ52 i @h01hop~ t !1V̄@r#,r#1\ṙuenv. ~1!

Here,h0 is the single-particle Hamiltonian for carriers co
fined in the QD and can include an external magnetic fi
Biz; hop(t) is the interaction with an external light field
V̄@r# is the Hartree–Fock potential that describes the mu
Coulomb interactions among photoexcited electrons
holes within a mean-field approximation;ṙuenv accounts for
interactions with the environment of the QD~phonons, elec-
trons in the wetting!, treated within the relaxation-time ap
proximation. The semiconductor Bloch equations7,8 result
from writing explicitly Eq. ~1! for rcc , rvv , and rcv . In
quasiequilibrium conditions, the optical absorption spec
are obtained from the Fourier transform of the polarizatio
Within linear response, the calculation of the absorpt
spectra is cast in the form of an eigenvalue problem7,8 whose
solutions give the the polarization eigenmodes~excitons! of
the system.

Our choice for the material parameters~see Table I! is
based on first-principles calculations. The dielectric const
e0 for InN (e0514.6) and GaN (e0510.3) is obtained from
9 © 1999 American Institute of Physics
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Ref. 9. We use a weighted average of the in-plane and
of-plane effective masses of InN and GaN for both electr
(me) and heavy holes (mh), neglecting valence ban
mixing.10 For InxGa12xN, e0 , me , andmh are interpolated
with Vegard’s law. The conduction and valence band offs
~CBO and VBOs! for InN/GaN were calculated for materia
strained onto an AlN substrate.11 Because of the 10% lattic
mismatch between InN and GaN, we assume that the
with (x,y)5(1,0) are completely relaxed and we take in
account biaxial strain relaxation using deformati
potentials12 to calculate the VBO and the CBO for the r
laxed (x,y)5(1,0) dots. To obtain the VBO for the (x,y)
5(0.42, 0.10) dots, we fit the data for junctions of allo
with different composition,13 taking into account biaxia
strain up to second order. We then need the band gapEg to
evaluate the CBO. We useEg(x)5xEg(1)1(12x)Eg(0)
1ax(12x)1DE@e(x)#, with e(x) the strain;DE@e(x)# is
calculated from the deformation potentials and elastic c
stants for wurtzite crystals,14 and a is calculated by fitting
the band gap values for different alloy compositions.13 The
QD confinement potential is assumed to have a cylindr
shape ~height/diameter ratio51:2.5); this is the simples
choice consistent with the presence of a preferential axis
epitaxially grown nitride devices.15 For the strained (x,y)
5(0.42, 0.10) dots, we approximately take into account
effect of piezoelectric polarization,6 as discussed below.

Figure 1 shows the electron single-particle energies
InN dots in GaN. With decreasing dot size the energy sp
ting between bound states of the QD~states with energies
below the CBO! increases; few states remain bound.16 The
right panel shows the square of the wave functions for a
of 2 nm height. Due to the cylindrical symmetry, the angu
part of the wave function@expimf (m50,61,62, . . . )#
factorizes. In Fig. 1, state~a! corresponds tom50, while
states (b,b8) and (c,c8) correspond tom561 andm562,
respectively.

Given the dot geometry, the confinement potential
electrons and holes is almost identical. The consequent s
larity of electron and hole wave functions imposes rest
tions on the optical transitions: Within the envelope-functi
approximation, the interband matrix elements are of the fo
*drfh

nh(r )fe
ne(r ),6 with fe

ne (fh
nh) the wave function for

electrons~holes! with quantum numbern. Owing to wave
function orthogonality, the optical transitions are thus
lowed only between electron and hole states of opposite~or
zero! quantum numberm. Optical absorption spectra ar
shown in Fig. 2 for two different sizes of InN QDs in GaN
The energy splitting between different peaks is on the or
of the splitting of the corresponding electron levels in Fig
~the correction due to hole confinement is one order of m

TABLE I. Material parameters used in the calculations for InxGa12xN QDs
in InyGa12yN layers.

(x,y)5(1,0) (x,y)5(0.42, 0.10)

e0 14.6 12.1
me 0.127m0 0.139m0

mh 1.457m0 1.299m0

Eg 1.89 eV 2.83 eV
CBO 1.18 eV 0.29 eV
VBO 0.43 eV 0.23 eV
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nitude smaller!. The spectrum of Fig. 2~b! shows that, in a
cylindrical InN/GaN dot of 2 nm height and 5 nm diamete
the two lowest absorption peaks are split by;300 meV.
Figure 2~a! shows that such splitting is decreased
;75 meV for the larger dots considered. These values giv
reference for the energy of the confinement related peak
absorption spectra if quantum dot behavior in a device str
ture is indeed present. A closer inspection of the differen
between solid and dashed lines in Fig. 2 indicates that C
lomb interactions are important for a quantitative descript
of the spectra. Three pronounced effects are present:~i! a
redshift of the transition energies~exciton binding energy!
due to the attractive Coulomb interaction between electr
and holes;~ii ! a size dependence of the exciton binding e
ergy, which is about 30 meV for the larger dots and 60 m
for the smaller dots;~iii ! the appearance of additional peak
caused by the coupling between optically allowed and f
bidden transitions. The level coupling induced by Coulom
interactions results in a transfer of oscillator strength to
lower energy excitations~Fig. 2!.

Our calculations reveal that the magnetic-field dep
dence of the optical transitions is negligible in the stro
confinement regime: a significant diamagnetic shift can
observed for large dots with a confinement length*30 nm.
In this sense magneto-optics, successfully employed
arsenide-based nanostructures,17 is not expected to be a pow
erful characterization tool for the small self-assemb

FIG. 1. Electron single-particle energies~left panel! for InN dots GaN
@(x,y)5(1,0)# as a function of the dot size~60 lowest energy levels!; a
cylindrical confinement potential is assumed~height/diameter ratio of 1:2.5!.
The right panel shows the square of the wave functions.

FIG. 2. Optical absorption spectra for a dot height of 5 nm~a! and 2 nm~b!
~same QD geometry as in Fig. 1!. Photon energy zero is set at the band ga
Solid ~dashed! lines: electron–hole interaction included~neglected!.



N

h
D

as
lls
ec
e
ld
th
a
w
l
hu
an
.
in

un

ab

s
te
n
th
ti
n
-
in
ve
nt
ns
e
n

the

nt.
of
to

en-

ves
in

a-
ear
cts
pre-

s.
l-
o-
p-

a-

.

c

Sci.

tt.

i-

sur-
ago-
mon
ntal

dots

J.

agi,

ari-
imi-
r, F.

l.

3451Appl. Phys. Lett., Vol. 75, No. 22, 29 November 1999 Hohenester et al.
InGaN QDs~few nanometers large18!, unless high fields are
used. It may be of relevance for intentionally grown Ga
QDs, whose size is in the range of tens of nanometers.19

We next turn to the case of strained dots with (x,y)
5(0.42, 0.10): The effect of piezoelectric polarization5 is
expected to play an important role. To gain insight into t
major qualitative features expected for strained nitride Q
we consider an electric field of20.15 V/nm in thez direc-
tion. Magnitude and sign of the field are chosen on the b
of the calculated value for strained InN/GaN quantum we5

and assuming a reasonable average of a nonconstant el
field along the height of the dot: this approximately tak
into account the effect of dot shape on the polarization fie
See the inset of Fig. 3 for a schematic representation of
polarization field: the smallest band offsets are chosen
cording to Table I. The linear absorption spectrum is sho
on the right of Fig. 3 (NX50). The main effect of an interna
field is that electrons and holes are spatially separated. T
the optical matrix elements for the energetically lowest tr
sitions decrease and the selection rules no longer apply
inquire into the consequences of piezoelectric field screen
by injected carriers, we compute the Hartree–Fock gro
state self-consistently from Eq.~1! for a given concentration
of electron–hole pairs, and we then obtain the optical
sorption spectra through a diagonalization procedure.6,7 Be-
cause of the reduced phase space and of the resulting
pression of scatterings, such an approach is approxima
the case of QDs.20 Figure 3 shows the optical absorptio
spectra for different carrier concentrations: the size of
circles corresponds to the height of the respective absorp
peak. State filling changes the character of the lowest tra
tion from absorption to gain.6,7 The screening of the piezo
electric field has the following consequences: First, with
creasingNX the overlap of the electron and hole wa
functions increases, which leads, e.g., to an enhanceme
the peak at;2.88 eV. Second, the orthogonality relatio
are partially recovered, which results in the disappearanc
some peaks. The observation that some of the optical tra

FIG. 3. Optical absorption spectra for a strained QD@(x,y)5(0.42, 0.10)#
with 4 nm height as a function of exciton concentration: full~open! circles
denote absorption~gain!; two typical spectra are shown in the right pane
The inset sketches the confinement potential along thez direction ~shaded
areas: square of the electron and hole wave functions!.
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tions are quenched, while others are unaffected when
photoexcitation intensity increases~due to screening of the
piezoelectric fields and recovery of selection rules!, can
therefore be taken as a signature of quantum confineme

In conclusion, we have shown that the optical spectra
nitride-based quantum dots exhibit effects that allow us
gain insight into their confinement properties.~i! Confined
states exist for a broad range of sizes down to the experim
tally observed dimensions of few nanometers.~ii ! Coulomb
coupling is essential for a quantitative description and gi
exciton binding energies as large as 60 meV for InN dots
GaN. ~iii ! In strained nitride QDs strong additional sign
tures of quantum confinement must arise in the nonlin
optical spectra due to piezoelectric-field effects. The effe
discussed above should be considered for a critical inter
tation of optical spectra.
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